ABSTRACT The effects of cation ordering and surface compensating anions on the magnetic structure and catalytic properties of unilamellar Ni-Fe hydroxide nanosheets are studied by using the density functional theory (DFT) plus U method. Fe-segregation in the nanosheets yields magnetic domains with different spin alignments, while the surface compensating anions affect the local moments and valence states of the Fe atoms. The two conditions do not radically change the super-exchange nature of interactions between the paramagnetic metal centers, but facilitate the formation of various magnetic superlattices in the nanosheets. The calculated free energy change of the intermediates shows that the most stable magnetic structure of Ni-Fe hydroxide nanosheets exhibits superior catalytic activity towards oxygen reduction/evolution reactions, which is indicative of magnetic catalyst. This is due to the cycle transition between Fe 2+ and Fe 3+ ions in the reactions, which determines the sequence of cleavage of the O-H bond and the release of the OH group, controlling the rate-limiting steps of the reaction. The relationship of magnetism and catalytic activity of Ni-Fe hydroxide nanosheets is established by the valence state change of the Fe ions, which will be helpful to open the way for the design of hydroxide/layered double hydroxides (LDHs)-based magnetic catalysts.
INTRODUCTION
In the last decade, a large number of two-dimensional (2D) materials have been fabricated by the top-down and bottom-up approaches [1, 2] , and have attracted much attention [3, 4] . Among the available candidates, the layered double hydroxides (LDHs) are frequently in the form of bulk-like crystal [5] , by the electrostatic attraction between charge compensating anions and positively charged hydroxide layers [6] . To extract the unilamellar sheet from bulk crystal, an exfoliation by soni-mechanical treatment has been developed earlier [7] ; only very recently, a direct synthesis by the solution-phase nucleation was reported [8] , making the preparation easier and more convenient. In principle, the nanosheets have ultimate 2D anisotropy and positive charge, thus allowing for peculiar properties and diverse potential applications. Besides being used as an electrode catalyst for fuel cells [9, 10] and an efficient carrier for gene delivery [11] , these metal hydroxide nanosheets after delamination are also considered as the building blocks of novel nanocomposites [12, 13] , in which the intrinsic properties of hydroxide layers dexterously combine with the derived nature from intercalated anionic organic/inorganic moieties, for highly efficient supercapacitors [14, 15] .
Previous studies of ultrathin 2D metal films have largely appeared on the use of photoelectric devices [16, 17] . By contrast, the efforts devoted to describing the magnetoelectronics are very scarce [18] . The reason is probably that the preparations of ultrathin freestanding pristine 2D transition metal and metal oxide films are very difficult, due to 3D non-directional metallic or directional covalent bonding [19] . The unilamellar transition metal hydroxide nanosheet is a natural freestanding layer without surface dangling bonds, which endows its irreplaceable advantage in the magnetic study. Cheap Ni-Fe LDHs not only possess exciting catalytic properties which make them be used as catalysts for oxidation reactions [9,20−22] , but also can be exfoliated to form the unilamellar nanosheet, exhibiting 2D intrinsic magnetization [23] . In particular, a recent experiment revealed that the magnetic interaction be-tween metal centers in Ni-Fe LDHs significantly enhances the electrocatalytic performance of oxygen evolution reaction (OER) in alkaline media [24] . This is a strong indication of the relationship between electrocatalytic activity and magnetic properties of the catalyst, also offering a new strategy for developing catalytic activity of LDHs, that is, by the magnetic field. Few studies on electron magnetism-electron catalysis (not to mention magnetic catalysis of hydroxide nanosheets) have been done so far. So, it is very necessary to clarify the origin and nature of the magnetism-related catalytic properties of unilamellar Ni-Fe hydroxide nanosheets, either as the basic building blocks for nanocomposites or as a model for 2D magnetic systems.
In this article, we theoretically studied the magnetic coupling behaviors in the ordered/disordered arrangement of metal ions and magnetic structure of Ni-Fe hydroxide nanosheets. Crucially, we compared the electrocatalytic performances of these Ni-Fe hydroxide nanosheets with different magnetic structures in oxygen reduction/evolution reactions (ORR/OER), by the free energy change of the intermediates. Furthermore, we discussed the relationship between intralayer magnetic coupling and the change of valence states of Fe ions, which was to some extent associated with the mechanism of catalytic reactions involving magnetic Ni-Fe LDHs.
CALCULATION MODELS AND METHOD
From the fundamental scientific point of view, we chose unilamellar Ni2Fe hydroxide nanosheets, in which all metal ions are paramagnetic, as prototypes. In the periodic slab models, the p (2 3 × 2 3 ) rhombohedral supercell (Figs 1a and 2a) was adopted to study the magnetic ordering and magnetic properties of the ordered/disordered Ni2Fe hydroxide nanosheets, and the effects of surface compensating anions on the magnetism and the valence states of metal ions. The Cl atoms were introduced to keep system electrically neutral for the LDH model. The separation between adjacent slabs was 15 Å, which was much larger than the van der Waals thickness of the brucite sheets (~4 .7 Å). All spin-polarized density functional theory (DFT) calculations were carried out using the Vienna ab initio simulation package (VASP) [25] . The PBE-GGA [26] and the PAW method [27] with the cut-off energy of 400 eV were used. Following previous theoretical studies of LDHs [21, 28] , the U parameters of DFT + U approximation were chosen to be 4.0 and 3.0 eV for Ni and Fe, respectively. The integration over the Brillouin zone was done by using the Monkhorst-Pack scheme with a 3 × 3 × 1 mesh for all calculations. Complete optimization was performed until the force on each ion was less than 0.02 eV Å −1 . Bader charge analysis, valence bond simulation [29] and atomic magnetic moment on each ion were employed to unveil the oxidation states of the Fe ions of nanosheets.
RESULTS AND DISCUSSION
It is of importance to guarantee the ordered arrangement of constituent atoms in an ideal 2D material for charge transport applications [30] . The one specific to LDHs is that the cation arrangement remains highly ordered in the layers. Our results show that for the unilamellar Ni2Fe hydroxide nanosheet, the ordered arrangement of cations (Fig. 1a) is more energetically favorable than the disordered one, where the position of a Ni-Fe pair is swapped to construct a local Fe-segregated region (Fe2-Fe3-Fe4 in Fig. 2a ). This totally follows the rule of the Coulomb repulsion between two Fe ions that occupy the neighboring octahedra interstitial sites [19] . But the calculated ordering energy of 0.151 eV/supercell is only 1/3 of that of Mg2Al LDHs (0.456 eV/supercell) [31] . In essence, such energy difference may owe to different natures of d-electrons of transition metals (Ni, Fe) and sp-electrons of simple metals (Mg, Al). Not surprisingly, the intriguing characteristics make Ni2Fe hydroxide nanosheets be possible to form desired super-lattices. This on the one hand insures the unity of the performance, on the other hand means that the random arrangement of cations could be probably occurred in not very harsh conditions. Therefore, we need to pay attention to the effects of cation-ordering/disordering on the magnetic properties of unilamellar Ni2Fe hydroxide nanosheets. There is only one hydroxyl environment, which is defined by the coordinated metal ions (i.e., Ni2Fe-OH in the inset of Fig. 1a ), in the ordered sheet [31] . We consider three magnetic sublattices following the sequence of the three paramagnetic cations (Ni1, Ni2 and Fe) in the unit cell (Fig. 1a) . The corresponding magnetic configurations are illustrated as follows: (+ + +), (+ + −), and (+ − +). The + and − designate the spin-up and spin-down electron motion, respectively. The total energies and magnetic moments of the three configurations are listed in Table 1 . We can see that the (+ + −) configuration is the energetically lowest. In particular, it is also lower than the other (+ − +) configuration by about 133 meV/supercell. Whereas the highest total energy is possessed by the (+ + +) configuration which lies 229 meV/supercell above the ground state.
As expected, the magnetism of Ni2Fe hydroxide nanosheets arises from the coupling between paramagnetic Ni and Fe ions. Interestingly, the local moments of the Ni and Fe are quite stable in the three magnetic configurations, which are respectively close to the experimental value of 1.6-1.8 μB for NiO [32] and somewhat smaller than that of 4.6-4.9 μB for Fe2O3 [33] . These results are compatible with the view that the valence states of the Ni and Fe ions in Ni2Fe hydroxides and respective metal oxides are identical to a certain extent, indicative of similar coordination environments. Note that the calculated moments of the H and Cl are zero. Similarly, the local moment of the O in the ground state is also very small, only 0.04 μB. Even so, the magnetic coupling between metal ions is still occurring via the linked O-H. Typically, the Ni-O(H)-Fe and Ni-O(H)-Ni interactions exhibit the antiferromagnetic (AFM) and ferromagnetic (FM) couplings, respectively (Fig. 1b) . As a consequence, the intralayer AFM interactions between Ni and Fe atoms yield a total moment of 3.7 μB per supercell, generating collective magnetism in the ordered nanosheet by the long-range magnetic coupling [34] . The present results agree well with the previous measurement on spontaneous magnetization of Ni-Fe LDHs [23] . That is, the magnetic exchange in unilamellar Ni2Fe hydroxide nanosheets is dominated by the AFM alignment of the non-compensating Ni 2+ and Fe 3+ subnetworks, with the atomic spins aligned parallel to each other in each subnetwork (Fig. 1c) . It behaves as an isotropic magnetic super-lattice.
On the other hand, the calculated ordering energy (151 meV) is almost equal to the magnetic transition energy (133 meV) between (+ + −) and (+ − +) configurations in the ordered Ni2Fe hydroxide nanosheets. We reasonably believe that for such transition metal hydroxide nanosheets, the magnetic property might have an anomalous relationship with the ordering of cation arrangement under realistic conditions. In the disordered Ni2Fe ones, there are three major types of hydroxyl local environments: Ni3-OH, Ni2Fe-OH and NiFe2-OH (the insets of Fig. 2a ) [31] . Based on the above calculations and analyses on the ordered ones, in combination with the experimental obser- (Fig. 2a) , the magnetic configurations are illustrated as follows: (+ + +), (+ − −), and (+ − +). From Table 2 , we can see that the (+ − +) configuration is the energetically lowest, followed by the (+ − −), and finally the (+ + +) one. linkages dominates the ordering of LDHs, which coincides with the previous view [35] . The random arrangement of Fe-O-Fe pairs certainly will disrupt the well-ordered magnetic network, generating spin frustration. This also validates the experimental prediction, in which the precise analysis of the magnetic data is somewhat difficult [23] . Importantly, Table 2 shows that the local moments of the Ni and Fe remain unchanged. This again corroborates that the valence states of the Ni and Fe atoms in Ni2Fe hydroxides (whether ordered or disordered) remain +2 and +3. Likewise, a periodic anisotropic magnetic super-lattice with a moment of 6 μB per supercell would likely be achieved (Fig.  2b, c) . Overall, collective magnetism is spontaneous for either ordered or disordered Ni2Fe hydroxide nanosheets in the ground state, which is consistent with the experimental results of Ni-Fe LDHs [23] . Simultaneously, the observed difference of magnetic property guides that we can distinguish the long-range or short-range order in Ni2Fe hydroxide nanosheets by the nanoscale magnetic probe. In addition to this, recently, another attractive application of transition metal LDHs is as an excellent electrode catalyst of fuel cells [9, 10, 22, 36] . Here the ORR/OER is employed as the probe reaction to assess the relationship between electron magnetism and electron catalysis of Ni-Fe hydroxide nanosheets. For comparison conveniently, we only took into account three kinds of representative magnetic structures of the ordered Ni2Fe hydroxide nanosheets: the most stable (+ + −) configuration, the most unstable (+ + +) configuration and the non-magnetic (NM) configuration, respectively. A series of calculations on the thermodynamic free energy change of the intermediates of ORR/OER in alkaline media were performed within the framework of the DFT. The OER/ORR is a multi-electron reaction, which is recognized to include four elementary reaction steps involving three intermediates that are OH*, O* and OOH*. In alkaline medium, the OER proceeds through the formation of OH* from OH − of alkaline solution, followed by the oxidation of OH* to O* and H2O, and the reaction of O* with OH − again to form OOH*, finally the desorption of H + from OOH* to produce O2 [37] . While the ORR proceeds in the reverse direction [38, 39] . Fig. 3 is the calculated free energy diagram at the equilibrium potential (URHE 0 = 1.23 V) in the overall ORR/OER pathway of Ni-Fe hydroxide nanosheets in alkaline media. Our results show that the (+ + −) configuration has the most ideal thermodynamic free energy change of the intermediates, that is, |ΔGOOH*|, |ΔGO*| and |ΔGOH*| are 0.91, 0.19, 0.21 eV, which are somewhat close to 0. This indicates little energy would be wasted to activate the ORR/OER processes [37, 38] . It is a good bi-functional electrocatalyst for OER [22] and ORR.
While for the (+ + +) configuration, |ΔGO*| and |ΔGOH*| are so large as to exceed 1.25 eV, even though |ΔGOOH*| (0.86 eV) is somewhat smaller than that of the (+ + −) configuration. The reaction from O* to OOH* for the OER or the first electron transfer step to reduce the O2* to OOH* for the ORR is endothermic, which is the respective rate-limiting step and significantly inhibits the ORR/OER. Meanwhile, although the |ΔGO*| and |ΔGOH*| are negative, too large values mean that the chemical adsorption of O* and OH* is too strong, which is also unfavorable for the subsequent electrocatalytic reactions. Very important information obtained from our study is that if the magnetic coupling effects between paramagnetic metal cations (i.e., the non-magnetic configuration) were ignored, the ORR/OER is hardly occurred under normal conditions due to too configuration. In particular, for the ORR, a large |ΔGO2*| (1.53 eV) also indicates that the first electron transfer step to reduce the adsorbed O2 to OOH* is endothermic, requiring an excess energy of 3.73 eV. Similarly, for the OER, the endothermic reaction from O* to OOH* needs an excess energy of 2.81 eV, too. Overall, the above comparison intuitionally reflects the spontaneous magnetism is a crucially decisive factor for the enhanced electrocatalytic performance of OER/ORR of Ni-Fe LDHs in alkaline media. The present result is not only consistent with the experimental observation [24] but also highlights the concept of magnetic catalysis, that is, only the regulation magnetic coupling is compatible with magnetic catalyst. It was proposed that the Fe atoms, rather than the Ni atoms, are the available sites for reactions in Ni-Fe LDHs [21] . This might be associated with the valence state change of the Fe atom in the reaction. To understand the magneto-catalysis behaviors of LDHs, we conducted the study on the change of valence states of paramagnetic atoms (Fe and Ni). In detail, surface compensating anions were removed because the adhesion energy of the Cl atom on the sheet (2.70 eV) was weaker than the dissociation energies of O-H (5.29 eV per H atom) or Fe(Ni)-OH bonds (3.02 eV per OH group), and a new double metal hydroxide (hereafter referred to as Ni2Fe(OH)6) was achieved in thermodynamics. As a calibration reference, in unilamellar Ni2Fe hydroxide nanosheets, Bader charge analysis shows that 1.512 e are transferred from the Fe atom to the OH groups, and correspondingly, the valence bond simulation reveals that the average value of valence state for the Fe ion is 2.946, which is nearly equal to the theoretical valence of FeOOH (2.925) [21] , as expected for Fe 3+ . Relatively, there are smaller electron transfers (1.480 e) from the Fe to the OH in Ni2Fe(OH)6. The calculated average valence of the Fe is 2.232, which is more close to the theoretical valence of FeO (1.952) [21] . Both of them evidence that the Fe in Ni2Fe(OH)6 nanosheets is indeed reduced from the valence state of +3 to +2. Like the case of the ordered Ni2Fe hydroxide nanosheets (the sequence of Ni1, Ni2 and Fe), there are three magnetic configurations in the Ni2Fe(OH)6 unit cell as follows: (+ + +), (+ + −), and (+ − +). But the total energy shows that the (+ + −) and (+ − +) configurations are nearly degenerate (Table 3) . Even for the (+ + +) configuration, there is only 118 meV per supercell higher than the ground state. These results differ from those of the ordered Ni2Fe hydroxide nanosheets, an indication of the particularity of Fe 2+ with respect to Fe 3+ . That is, the doping of Fe 2+ may not change the magnetic structure of Ni(OH)2 nanosheets, which exhibits the AFM coupling between Ni 2+ ions through the OH group [40] . The magnetism analysis further shows that the moment of the Ni 2+ ion remains quite stable, 1.71 μB, while the moment of the Fe 2+ ion is dramatically reduced to be 3.71 μB, which is close to that of FeO (3.46 μB for DFT calculations and 4.2 μB for experiments) [41, 42] . Interestingly, the two stable (+ + −) and (+ − +) configurations have 0.02 and 3.90 μB per unit cell, respectively. The former seems a typical AFM semiconductor, in which the spin effect of one Fe 2+ ion counteracts those of two Ni 2+ ions; while the latter is a typical paramagnet (Fig. 4) . Following the viewpoint of Néel [43] , in practice, for the AFM Ni2Fe(OH)6 nanosheet, there possibly exhibits super-paramagnetic or spin glass behavior, even weak ferromagnetism with a permanent magnetic moments, due to size confinement effects. It is expected that the attention of Ni2Fe(OH)6 nanosheets will be increased by virtue of their potential for exhibiting magnetization reversal by quantum tunneling, like the famous AFM nanoparticles.
In the studies of common chemical reactions, Nørskov et al. [44, 45] also developed a trends-based volcano analysis to estimate the performance of catalysts using the adsorption strengths of intermediates on the active sites. Our calculations show that the decomposition energies of the H atom from the Ni2Fe and Ni2Fe(OH)6 nanosheets are −5.29 and −3.61 eV, while those of the OH group are −3.02 and −4.54 eV, respectively. These present results mean that in Ni2Fe hydroxide nanosheets, the OH group rather than the H atom as a whole to participate in the reaction because the OH-Fe bond breaking process is more easily accomplished than the OH bond; while in Ni2Fe(OH)6 nanosheets, the situation is different, i.e., the H works as a more general reaction intermediate than the OH, owing to the distinctly opposite trend of the breaking of OH-Fe and OH bonds. This is compatible with the valence states of the Fe ions in the two materials. The present results propose that as the same magnetic catalysts, Ni2Fe hydroxide and Ni2Fe(OH)6 nanosheets have different contributions to chemical reactions, and promote different reaction pathways, showing the catalytic diversity of hydroxide nanosheets.
In essence, the Fe 3+ and Fe 2+ ions in the magnetic LDHs correspond to different occupied conditions of 3d electrons, mixing with the e1 magnetic orbitals of the Ni 2+ ions. Therefore, it is by the bridge of valence states that we can combine the magnetic coupling between metal ions with the catalytic activity of Ni-Fe hydroxide nanosheets. A more comprehensive understanding of the magnetism-related catalytic properties of unilamellar Ni-Fe hydroxide nanosheets can be obtained from the density of states (DOS) and band structures, as shown in Fig. 5 . We can see that the two nanosheets are 2D paramagnetic or ferrimagnetic semiconductors, and the basic frameworks are maintained by the hybridization of O 2p orbitals and Ni(Fe) 3d orbitals. More precisely, the band gaps of Ni2Fe hydroxide are about 0.45 and 0.30 eV for the spin-up and spin-down channels, in which the valence band maximum (VBM) is only contributed from the Ni 3d states, while the conduction band minimum (CBM) is composed of the Ni 3d states and anti-parallel Fe 3d states. Furthermore, Table  4 gives the d-orbital occupations of the Ni and Fe ions in the ordered Ni2Fe hydroxide nanosheet. As expected, the distinctly opposite d-orbital occupations of the spin-up and spin-down levels also indicate that it is the AFM coupling between the Ni and Fe sites, which is to a certain extent compatible with their local moments shown in Table  1 . The small contributions of the O atoms in the CBM and VBM will further strengthen the view that the magnetic ordering of the Ni2Fe hydroxide nanosheet results from the super-exchange interaction between Ni and Fe ions via the OH group. By contrast, the spin-polarized effects are relatively obvious in Ni2Fe(OH)6 nanosheets. In particular, there are impurity bands just below the Fermi level in the gap of 1.45 eV for the spin-down channel, while the gap for the spin-up channel is also increased to 1.20 eV. As expected, the occupied impurity states are contributed from the Fe 3d, clearly indicative of the reduction of Fe 3+ to Fe 2+ due to the electron withdrawing characteristics. This again evidences that the Fe 3+ ions rather than the Ni 2+ ions in the LDHs are indeed the active sites, which agrees with the theoretical prediction based on the experiment [21] . And such, the impurity states, contributing to the magnetic coercivity for the nanosheet, instead of the VBM certainly will make a dominant effect on the successive oxidation-reduction reaction; and from another point of view, this verifies the fact that the real Ni2Fe LDHs are in general stable [23, 24, 31] . Crucially, the calculated adhesion energy of one Cl atom on the Ni2Fe hydroxide nanosheet is −2.70 eV, which is weaker than the dissociation energies of O-H (−5.29 eV per H atom) and Fe(Ni)-OH bonds (−3.02 eV Figure 5 Total and projected DOS and band structures of (a) Ni2Fe hydroxide, and (b) Ni2Fe(OH)6 nanosheets in the ground state, respectively. The Fermi level is set at zero. For the sake of brevity, the projected DOS of the Cl species are excluded in (a). per OH group). At elevated temperature during the thermal decomposition, the Cl species certainly will first remove from the strict nanosheet, rather than -OH or -H. This ensures the Ni2Fe(OH)6 nanosheets can be achieved in thermodynamics, even be metastable at an intermediate temperature before the formation of mixed metal oxides. In addition, since the Ni(OH)2 and Fe(OH)2 are the brucite structure, we believe that brucite-like Ni2Fe(OH)6 can also be formed by the substitution of Fe for Ni in the Ni(OH)2 or the co-precipitation of Fe 2+ with Ni(OH)2 in a reductive environment.
CONCLUSIONS
On the basic of spin-polarized DFT + U calculations, we studied the diversity and stability of magnetic structure of unilamellar Ni2Fe hydroxide nanosheets under practical conditions. In the Ni-Fe LDHs, Fe-segregation does not change the AFM coupling between Ni and Fe ions, but allows for the energy-degenerated magnetic domains with different spin alignments. This information would likely guide new magnetic probe measurement for the long-range/short-range order and the assembly of magnetic superlattices in Ni2Fe hydroxide nanosheets. Furthermore, as surface compensating anions are excluded, the Fe ions are reduced from +3 to +2 in the hydroxide nanosheets, but the super-exchange nature of the 2D paramagnetic or ferrimagnetic semiconductor is retained. The induced impurity states in the gap not only lead to the spin splitting of 3d electrons, but also affect the catalytic activity by promoting the cleavage of the O-H bond. The calculated free energy change of the intermediates in the ORR/OER demonstrates superior catalytic activity of Ni-Fe hydroxide nanosheets with the most stable magnetic structure. It indicates that as an available magnetic catalyst, the coupling between paramagnetic metal atoms certainly will affect the valence state change of active metal atoms, thus facilitating the chemical reactions.
